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Codon repeats encountered in DNA sequences may formally lead to several double-str~ded structures of 
similar stabilities. This is observed in the highly repetitive sequences of some Plasmodium antigens (S-anti- 
gen, CS proteins). It is postulated that gene recombination may occur via various heteroduplex molecules 
thus leading to antigenic polymorphism of Plasmodium parasites. 
Malaria Antigenic polymorphism 
The last 24 months have seen a burst of publica- 
tions relating to Plasmodium antigen-encoding 
nucleotide sequences [l-11]. These efforts are to 
be placed in the context of a molecular gene$ic ap- 
proach for the development of antimalarial vac- 
cines [I]. Common to all antigens is the high 
repetitivity of similar (or quasi-similar) groups of 
codons. However, marked differences emerge be- 
tween the various types of antigens and between 
the different ~~asmodium parasites from which 
they originate. In the circumsporozoite (CS) pro- 
tein of P. falciparum, the parasite which causes the 
most severe form of malaria in humans, tandemly 
repeating sequences of amino acids are fairly well 
conserved in several isolates of different 
geographical origins (as shown by their nucleotide 
sequences [2,3] or as suggested by the cross reac- 
tivity of anti-CS antibodies [3]), whereas the 
repeats of the S-antigen (a protein present in the 
sera of infected patients) show no sequence 
homology from one strain to another [4,5]; the 
repeating motives are however flanked by highly 
homologous sequences. Repeated sequences are 
(Plasmodium) Repetitive sequence 
also observed in an antigen present at the surface 
of P. falciparum-infected erythrocytes (8, 4 and 3 
repeating peptides [6] as well as in an antigen from 
a cloned high-M, DNA fragment of P.fal~ipa~m 
(repeats of a nonapeptide) [7]. The repeated se- 
quences themselves are highly antigenic. Synthetic 
peptides of the repeat region of P. faiciparum CS 
gene induce antibodies able to recognize the native 
CS protein 181. Similarly, they bind anti-es anti- 
bodies [3]. 
The presence of amino acid repeats, both con- 
served (CS protein) and unconserved (S-antigen) in 
P. falciparum antigens, poses the challenging ques- 
tion of their selection and maintenance through 
evolution. In this respect, it has been postulated 
that the periodical sequences may be somehow 
related to the ability of the parasite to escape the 
immune defense of the host. Among other sugges- 
tions it has been advanced in the case of S-antigen 
that the repetitive protein may mask other impor- 
tant molecules from the immune response 141. 
Unlike that of S, falciparum, the repetitive se- 
quence of the CS gene from P. knowlesi [9,10], the 
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parasite responsible for malaria in monkeys, is 
isolate-dependent and is, like the S-antigen of 
P. falciparum, flanked by non-repetitive regions 
conserved in the various strains. Two short se- 
quences in the non-repetitive flanking area are 
homologous in P. fa~~ipa~m and P. knowlesi sug- 
gesting a common ancestor to both strains [IO]. In 
P. iophurae, which causes malaria in birds, an 
organelle of the invading parasite harbours a 
membrane-bound histidine-rich protein with anti- 
genie properties, that shows tandemly repeated 
units [II]. 
In this note we shall propose an hypothesis 
essentially based on the following arguments. At 
the molecular level gene recombination proceeds 
through the formation and the processing of 
heteroduplexes from homologous DNA sequences. 
Recombination could occur at the stage of the life 
of the parasite where the genome is haploid (within 
the mammalian host) since it has been recently 
shown that the same antigen gene may be carried 
by distinct chromosomes [ 12,131 or at meiosis 
(within the mosquito vector); in that case addi- 
tional recombination events between sister 
chromatids could take place. 
In the case of the short repeats encountered in 
Plasmodium antigens several double-stranded 
molecules may form (scheme 1). 
The stabilities of the various heteroduplexes may 
be roughly estimated in a formal way from the 
number of Watson-Crick base pairs formed when 
the DNA strands are staggered with respect o each 
other by an increasing number of repeating 
motives (fig.1). More sophisticated models for 
calculating duplex energies [14,151, which take into 
account the nature of base pairs (both matched 
and mismatched), would not lead to significant 
differences in the stability parameter. Subsequent 
repair of the mismatched ends of the repeats would 
then restore the repeating sequences. The im- 
mediate consequences (consistent with the avail- 
able experimental data) are as follows: 
(i) The non-repetitive flanking DNA region is 
stable since it offers maximum pairing. Conserva- 
6 
tion of these regions is actually observed in antigen 
with variable repeating sequences as in S-antigen 
of P. falciparum and CS of P. knowlesi from dif- 
ferent isolates [5, lo]. 
(ii) The total length of the repetitive fraction of 
the gene should remain constant whatever the 
modification of the frequency of the lengths of 
repeats. In this context it is may not be fortuitous 
that the lengths of the otherwise non-homologous 
repeating areas of the CS gene from two distinct 
isolates of P. know~esi both consist of 432 base 
pairs [lo]. 
(iii) When one or several bases in one repeating 
motive is modified, the staggering-like effect 
would spread progressively the mutation, at the 
homologous position, in the neighbouring repeats, 
thus accounting for codon (and thus sequence) 
variation which will modify the length and number 
of repeats. The polymorphism of the antigenic 
motives would thus result. 
(iv) The decrease of the stability of the various 
heteroduplexes formed upon staggering would de- 
pend on the relative length of the repeat with 
respect to that of the full repeating sequence. 
Hence, long stretches of short repeat would lead to 
duplex molecules of comparable stabilities (fig.]). 
Thus, the S-antigen of P. fa~ciparum, which sup- 
posedly consists of 100 repeats of 33 bp [S], would 
lead to a duplex retaining 98% of the stability of 
the starting molecule (in the approximation where 
the repeats are identical which is not strictly the 
case, as shown in fig.l), after one period-shift, 
with a total unmatched region of 66 bp. Similarly, 
the CS gene of P.falciparum (with the hypothesis 
that the native protein sequence has 41 repeats of 
12 bp as the cloned DNA) would have 95% stabili- 
ty and 24 bp protruding and the CS gene of two 
P. knowlesi strains (12 repeats of 36 bp and 16 
repeats of 27 bp) [lo] would have 83(rio (72 bp) and 
87% (54 bp), respectively. The variability (or in the 
opposite case, conservation) of the repeated se- 
quences will thus depend: (i) on the length of the 
unmatched region, being more susceptible to mis- 
matching errors than the paired portion (in this 
respect his conclusion is consistent with the obser- 
vation that the ends of the repeating sequences are 
preferentially modified [5]); and (ii) on the rate of 
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Fig. 1. Percentage of base pairing vs the number of one- 
base shifts. (a) Percentage of pairing in the S-antigen of 
P. falciparum [4]. DNA strand shift is performed on the 
762 base-long sequence; the results of the first 256 shifts 
are presented. (b) Percentage of base pairing in strands 
of P. falciparum sporozoite surface antigen [2]. Se- 
quence from base 444 to 950 (in the author’s numbering) 
corresponds to Pro-Asn-Ala-Asn repeats. The full 
coding sequence from base 80 to 1315 (1235) shows 
similar periodicity but the maximum pairing percentage 
is 40% due the non-repetitive segment of the sequence. 
(c) Base pairing in the CS gene of P. falciparum [3]; 
strand shifting is performed on the 300 base-long se- 
quence; the same repetition period as in (b) is observed 
(12 bp). (d) Percentage of pairing in a P. falciparum 
nonapeptide repeat [7]; strand shifting is performed on 
the 600 base-long sequence. (e) Percentage of base pair- 
ing in P. knowlesi antigen mRNA [9]; the examined se- 
16 quence length is 525 bp. 
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spreading of the errors which should be high when 
the conserved percentage of stability upon stagger- 
ing is high (various heteroduplexes being thus 
equally probable). Thus, on the example of the an- 
tigens previously examined, the S-antigen of P. fal- 
ciparum will have a repetitive sequence rapidly 
variable through both error occurrence and 
spreading; this can be reconciled with what is ac- 
tually observed [4,5]. The CS genes of P. knowlesi, 
with protruding ends of 54 and 72 bp after one 
shift, would lead to high rates of error which, how- 
ever, would spread at a slower rate (83 and 87% 
stability). Within the scope of our hypothesis it 
could be postulated that the ability of Plasmodium 
parasites to escape the immune defense of the host 
requires long sequences of long repeats. If evolu- 
tion leads to an increase in length of repeated DNA 
sequences the resulting increase of the antigenic 
polymorphism would impair effective vaccination 
prospects. 
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